Introduction
Pelvic organ prolapse is a prevalent costly condition that negatively impacts the quality of life of women [1] . The etiology of pelvic organ prolapse has not been clearly defined, although recent data suggest that genetic predispositions may contribute to this multifactorial condition [2, 3] . In addition to the levator ani muscles, the supportive connective tissues of the vagina play a primary role in maintaining the proper position of the pelvic organs [4] , and the structural integrity of these tissues is essential for the prevention of the prolapse [5] . Despite a well-known contribution of the levator ani muscles to the support of the pelvic floor, a recent study demonstrated that a large proportion of women with prolapse had no evidence of levator ani muscle injury [6] , again pointing towards multiple factors involved in pelvic floor support. Women with congenital defects in connective tissue are found to be at increased risk for the development of prolapse [7, 8] . Previous studies have also demonstrated abnormalities in the histomorphology and ultrastructure of vaginal supportive connective tissues in women with prolapse relative to women without prolapse [9, 10] ; however, from these studies, it is impossible to distinguish between causes and effects of prolapse. Consequently, there has been little data from studies of human tissue that have advanced our knowledge regarding the pathogenesis of prolapse.
Vaginal support arises from the continuous, highly interdependent sheet of connective tissue attachments between the vagina and the pelvic sidewall and levator ani muscles [4, 11] . Disruptions of or damage to the supportive connective tissues and injury to the vaginal wall are thought to be two mechanisms by which prolapse is initiated. The vagina and its supportive connective tissues contain a fibrillar component comprised of collagen and elastin. This fibrillar component is thought to contribute the most to the biomechanical behavior of these tissues, with collagen primarily responsible for the tensile strength and elastin affording the tissues' ability to extend and recoil [12] . While the turnover of most elastin fibers in the body is exceedingly slow, elastin in the reproductive tract rapidly remodels throughout the reproductive lifespan, particularly following childbirth [13] . However, in women with pelvic organ prolapse, a marked decrease in elastin production has been found in the vaginal supportive tissues [12] .
The lysyl oxidases (LOX) and lysyl oxidases-like (LOXL) enzymes comprise a family of enzymes that crosslink immature elastin via the hydroxylation of lysine residues, thereby forming a more stable mature protein [14] . Mechanically compromised elastic tissues such as those found in Menkes' syndrome and lathyrism are associated with decreased activity of LOX, demonstrating that adequate crosslinking is essential for proper elastin function [15, 16] . Mammalian genomes have up to five LOX family members encoding the prototypic LOX and LOX-like proteins 1 through 4 (LOXL1, LOXL2, LOXL3 and LOXL4); however, their individual roles in elastogenesis remain unclear [17] . Recently, LOXL1 has been shown to co-localize with elastic fibers and to be essential for elastic fiber homeostasis [18] . Mice with LOXL1 deficiency (LOXL1 − / − ) develop pelvic organ prolapse following parturition due to a failure to replenish mature crosslinked elastin fibers [19] . In addition, the expression of LOXL1 has been shown to diminish with age [19] . Although there is good evidence from these studies that a genetic defect in elastin crosslinking predisposes to pelvic organ prolapse, there is no functional data demonstrating the impact of LOXL1 deficiency on the vagina and its supportive tissues. Therefore, the aim of this study was to compare the biomechanical properties of the vagina and its supportive tissues in LOXL1-deficient mice relative to the wild type mice independent of parity. In addition, we investigated the functional impact of age by comparing young and old wild-type mice. We hypothesized that a genetic defect in elastogenesis represented in the LOXL1-deficient mice, predisposes to prolapse secondary to biomechanically weaker tissues independent of parturition. To test our hypothesis, we utilized nulliparous LOXL1 − / − mice.
Materials and methods

Animals
Animals were kept in static micro-isolator filter top cages with Aspen Sani-Chip bedding. The animals were fed a was primarily impacting specific levels of support vs. having a global impact on the pelvic tissues. For conceptual purposes, vaginal supportive tissues have been subdivided into three levels in the human female: the uterosacral ligaments (level I), the paravaginal attachments (endopelvic fascia) connecting the lateral vaginal walls to the arcus tendineous fascia pelvis (level II), the perineal membrane, and the perineal body (level III) [21] . In the rodent, three analogous levels of vaginal support have been established [22] . Despite existence of similar anatomical structures, the exact role and vulnerability of pelvic support structures might not be analogous between humans and rodents.
To determine whether disruption of a specific level of support was contributing to the biomechanical behavior of the vagina-supportive tissue complex in LOXL1 − / − mice, specific levels of support were disrupted in WT mice. We hypothesized that if LOXL1 − / − deficiency was primarily affecting a specific level of vaginal support, we should be able to mimic the biomechanical behavior by experimentally disrupting tissue support at that site. In this way, level I support was severed in four WT mice by transecting the uterosacral ligament at the level of the uterus; level II support was disrupted in another four WT animals by separating the paravaginal attachments from the pelvic wall. In an additional four WT mice, both levels I and II were transected. Following disruption of each level of support, we proceeded with biomechanical testing as described below.
Histological analysis
Full-thickness vagina of four LOXL1-deficient mice with severe and moderate prolapse along with four 3-month-old WT mice vaginas were excised and imbedded in Optimal Cutting Temperature media (Sakura Finetek Inc., Torrance, CA), cut into 5-7-µm sections with Cryostat and stained with Masson's trichrome for examination of gross morphologic features.
Biomechanical testing All mice were tested according to a protocol previously developed by us in which the vagina and its supportive tissues are tested as a complex with all of the insertion and attachment points of the complex left intact [22] . It is important to point out that our ability to perform a controlled multidirectional test in this system is limited, as the pelvis encases the tissues of interest. The goal of the test are to quantitate the biomechanical behavior of the vagina-supportive tissue complex in response to one specific loading conditioning, i.e., downward distension along its longitudinal axis. The data obtained from this test are most relevant to understanding the function of these tissues in response to loads that might be generated by prolonged increases in intraabdominal pressure such as chronic coughing, heavy lifting, and valsalva.
After sacrifice, the mice were dissected down to the level of the pelvis to expose the vagina and supportive tissues. The hind limbs were disarticulated at the acetabulum and the spine was disarticulated above the L1 vertebra as previously described [22] . The specimens were wrapped in gauze, sealed in plastic bags, and maintained on ice until testing. The specimens were kept moist with physiologic saline during dissection and testing. Prior to testing, the specimen were mounted in a custom-made testing device as previously described in detail [22] . Prior to each test, the specimens were preloaded to 0.1N, followed by ten cycles of preconditioning at a velocity of 5 mm/min between 0 and 0.75 mm distension. A uniaxial load (load applied along the longitudinal axis of the vagina) to failure test was conducted for each specimen following preconditioning at the same velocity. Data points were collected every 0.02 s using software provided by Enduratec. The load-distension curves were generated from each load to failure test (Fig. 5) . Four parameters describing the biomechanical properties of the vagina-supportive tissue complex are derived from the curve: linear stiffness (N/mm), ultimate load at failure (N), maximal distension (mm), and energy absorbed to failure (N-mm) (Fig. 5) . The peak of the curve corresponds to failure of the specimen. Linear stiffness (A), which is the maximum slope of the curve measured in the linear region over a 1-mm range of distension; ultimate load at failure (B), represented as yintercept corresponding with the peak of the curve; maximal distension at failure (C), represented as the xintercept corresponding with the peak of the curve; and energy absorbed to failure, which is the area under the load-distension curve (D) (Fig. 5 ). The linear stiffness and maximum distension generally describe the ability and degree to which the specimen can deform in response to a defined load. Specimens that are easily deformable have low linear stiffness and generally distend more in response to the same force. The ultimate load at failure describes the maximal force that the specimen is able to withstand prior to disruption, while the energy absorbed simply describes the energy expended by the specimen to resist deformation. Given that the test is not multidirectional, it does not perfectly reproduce heterogeneous forces that contribute to the development of prolapse. The goal of this test was to quantitate the biomechanical behavior of the vagina and supportive tissues as a complex in response to one specific loading condition, i.e., downward distension along the longitudinal axis of the vagina. The data obtained from this test is most relevant to understanding the function of these tissues in response to loads that might be generated by increased intra-abdominal pressure in women.
Data analysis and statistics
The data were imported and analyzed in Excel (Excel, Microsoft Corp, Redmond, WA). Biomechanical properties of the vagina and its supportive tissues were derived from the load-distension curve as previously described [22] .
Statistical analyses were performed using SPSS statistical software version release 14.0.1 (SPSS Inc., Chicago, IL). Statistical tests were two-sided at the 0.05 significance level. Since the skewness and kurtosis values did not indicate a departure from symmetry in the data distribution, one-way analysis of variance was used to evaluate differences in the means of the biomechanical properties between the WT mice, the LOXL1 − / − mice, and the WT mice with disruption of levels of support. Post-hoc pairwise comparisons between the WT mice and all other groups were made using Dunnett's multiple comparisons procedure. Linear regression was used to evaluate the association between biomechanical variables of interest and weight. One-way analysis of variance was used to compare 3-month-old WT mice, 17-month-old WT mice, and LOXL1
Post-hoc pairwise comparisons were made using the Sidak multiple comparisons procedure. Based on preliminary data from the 3-month-old WT mice, four and five animals per group were required to have 80% power to detect a 30% difference in load and distension, respectively, at the 0.05 significance level.
Results
Gross pathology
The organs involved and the severity of the prolapse varied in the LOXL1-deficient mice. Of the nine LOXL1-deficient animals, three had severe, one had moderate, and five had minimal to no prolapse with the majority of animals exhibiting a prominent perineal bulge (Fig. 1b) . Transanal rectal prolapse was a common finding, occurring in four animals ( Fig. 2) . Prolapse of the remaining pelvic organs into the vagina (bladder, uterus, or bowel) was observed in five animals (Fig. 1) . Vaginas of the LOXL1 − / − mice were circumferentially distended and appeared thinned out, resulting in a genital hiatus (GH) that was larger than in the WT controls: 0.51 cm ± 0.50 in the mutant animals vs. 0.2 cm in the WT mice. However, this difference did not reach statistical significance (p = 0.07) ( Table 1) . Upon dissection, the vagina of WT animals was found to be wellsupported. Close dissection showed that the vagina and cervix were maintained in position by soft tissue attachments to the posterior pelvis (level I). The remaining vagina was supported by paravaginal attachments to the sidewall and pubocaudalis muscle (level II) and to the perineum (level III). The uterine cervix of controls was at the level of the pubic symphysis and the urethra was identified along the length of the cervix. With intact vaginal support, the bladder was positioned above the level of the pubic symphysis and above the uterine cervix. The anatomy of the vagina and its supportive tissues in our study was consistent with that described previously by others [23] . Mutant mice with prolapse were noted to have prolapse of the uterus, bladder, and vaginal tissue with uterine horns descending to the level of the pubic symphysis, with notable disruption of the supportive tissues. In three LOXL1-deficient mice with severe prolapse, the urethra was obstructed, resulting in a distended bladder with hydroureter and hydronephrosis (Fig. 3) . Weight varied Fig. 1 Gross anatomy of the LOX1 − / − female mouse demonstrating varying degrees of prolapse: a no visible sign of prolapse and b severe prolapse Fig. 2 Gross anatomy of the LOX1−/−female mouse demonstrating moderate a and severe b rectal prolapse between the groups, with the 17-month-old WT animals being the heaviest (p < 0.001) followed by the LOXL1 knockouts. The difference in weights in the young and old animals is due to the progressive increase in weight of mice with age. We attributed the failure of the knockout mice to achieve the weight of their age-matched controls to poor growth associated with the mutation.
Histology
Masson's trichrome-stained full-thickness sections of the vagina were examined for overall histomorphology with light microscopy. The vaginal wall circumference in the LOXL1 − / − mice was larger than that in the WT animals.
The four layers of the vagina were well delineated in the WT mice (Fig. 4a) ; however, in the LOXL1 − / − mice, the subepithelial and muscularis layers of the vagina appeared disorganized, with areas of disruption (Fig. 4b) . Trichrome staining revealed areas of discontinuity in the subepithelial layer with variable thickness in the mutant animals not observed in the WT mice. The disruption of subepithelial connective tissue and the smooth muscle layer of the vaginal wall suggested a potential site of tissue weakness in LOXL1 − / − mice. An increased cellular infiltrate was also observed within the subepithelial layer of the mutant vaginas (Fig. 4b) . The histological analysis of the vaginal tissue of 17-month-old LOXL1 deficient mice was compared to the 3-month-old WT mice since the latter were considered our gold standard for anatomy. After confirmation of equivalent biomechanical properties in 3-and 17-month-old WT mice, histological analyses were not repeated in the 17-month-old WT animals.
Biomechanics
As shown in Fig. 5 , the shapes of the load-distension curves of the LOXL1 − / − mice were clearly distinct from those of the WT mice demonstrating overall different biomechanical behavior. Specifically, the load-distension curves of 3-month-old WT mice were highly reproducible with two distinct linear regions of increasing force with increasing distension. The first ranged from 1 to 2.5 mm of distension (S1) and the second from 3 to 8.5 mm of distension (S2). This likely represented partial failure and engagement of multiple tissue groups over the range of distension, which can be seen in WT mice with disrupted levels of support. In the load-distension curves representing the mutants, the first linear region of increasing force to 2.5 mm of distension (S1) was also present. However, contrary to WT mice, the second linear region (S2) was absent. Thus, following the first collective resistance to downward distension, the mechanism providing for the second linear region did not engage. Consequently, instead of achieving a second linear region, the curve tended to plateau. For quantitative analysis, values for ultimate load at failure, linear stiffness, maximum distension at failure, and energy absorbed were calculated and compared between the two groups. By this method, we found that in comparison to 3-month-old WT mice, the LOXL1 knockouts displayed a 31% decrease in ultimate load at failure (p = 0.001; Table 2 ), but no significant difference in linear stiffness (p = 0.99), maximum distension (p = 0.97), or energy absorbed (p = 0.63). The failure of the second region of the loaddistension curve of the knockout mice to achieve linearity precluded a quantitative comparison of S2 regions other than the demonstration that the region was not present in the knockout animals.
Since it was possible that some of the differences in the biomechanical behavior of the knockout mice were due to the effects of aging, we then tested the tissues of the 17-month-old WT mice for comparison to the mutant animals. The load-distension curves of 17-month-old WT mice were highly reproducible, exhibiting the same behavior as the curves of 3-month-old WT mice, with the same two distinct linear regions of increasing force with increasing distension. Quantitative analysis of the biomechanical parameters derived from the curves of 17-month-old WT mice did not Fig. 3 Gross anatomy of the LOX1 − / − female mouse. Severe prolapse contains vagina, uterus, and bladder. Similar to humans, the bladder distension leads to hydronephrosis, as a result of bladder outlet obstruction caused by severe prolapse differ significantly in ultimate load at failure (p = 0.72), linear stiffness (p = 0.82), maximal distension (p = 0.14), or energy absorbed to failure (p = 0.11) when compared to 3-month-old WT animals ( Table 2 ). These results demonstrate that the age of the animals had very little overall impact on the biomechanical behavior of vagina-supportive tissue complex. Therefore, the differences observed in loaddistension curves of mutant and WT animals are due to the LOXL1 mutation and not age per se. When 17-monthold mice were compared to mutant animals, a 27% decrease in ultimate load at failure (p = 0.008), similar to the one seen between LOXL1-deficient and 3-month-old WT mice, was again demonstrated ( Table 2 ). The experimental groups differed by weight (Table 1) ; however, weight of the animals was not correlated with any of the biomechanical parameters (p > 0.05).
In a previous study, we had demonstrated that failure of the vagina-supportive tissue complex occurs initially at level II support, followed shortly after by level I and then level III [22] . Because the S1 and S2 regions were highly reproducible in the WT animals, we hypothesized that they correspond to progressive disruption of levels II and I support, respectively. In this way, the failure of the knockout mice to achieve a second linear region of increasing force with increasing distension may be due to the absence (or severe attenuation) of a specific level of support. To test our hypothesis, we performed a series of experiments in which we asked whether we could experimentally reproduce the curves of the knockout mice by disrupting level I and II support in the WT mice. The loaddistension curves generated after disruption of the levels of vaginal support are shown in Fig. 6 . The disruption of a single specific layer of vaginal support did not significantly change biomechanical parameters in the WT mice when compared to WT animals with intact support. On the other hand, simultaneous disruption of both levels I and II resulted in a decrease in the load at failure similar to that of the mutant animals (Table 3) . Ultimately, however, the shape of the load-distension curves after transection of levels I and II support differed from that of the LOXL1 − / − mice (Fig. 7) , indicating that disruption of a specific level of support did not reproduce the effect of Representative loaddistension curves generated following a load to failure test in WT and LOXL1 − / − mice. Before each test, the specimens were preloaded and preconditioned. Linear stiffness (A), is the slope of the curve measured in the linear region of the curve; ultimate load at failure (B); maximal distension at failure (C); and energy absorbed to failure is the area under the load-distension curve (D) Fig. 4 Masson's trichromestained full-thickness mouse vagina demonstrating different appearance of the 3 main layers of vaginal wall in a WT (a) and
mutation on the biomechanical behavior of the vaginasupportive tissue complex. Thus, it is likely that the LOXL1 mutation has a global and not site-specific effect on the connective tissue.
Discussion
Although the etiology of pelvic organ prolapse has not yet been defined, recent data demonstrate that genetic and environmental factors leading to altered connective tissue metabolism play a role [2] . In this study of LOXL1-deficient mice, we provide evidence that elastic fibers play a critical functional role in providing support to the vagina and other pelvic organs. Our results suggest a correlation between the disruption of elastic fiber homeostasis and inferior biomechanical properties of pelvic connective tissues. In the studies by Liu et al., in addition to the LOXL1 mutation, parturition was necessary for the development of pelvic organ prolapse [18, 19] . The data from our study support that the elastinopathy, resulting from the LOXL1 − / − mutation, has a decompensatory effect on connective tissue supportive capacity independent of parity. Thus, we provide further data that genetic factors leading to altered connective tissue remodeling may predispose to disorders of pelvic support. The most important finding of our study is that the LOXL1 mutation leads to inferior biomechanical properties of the vagina-supportive tissue complex. The decrease in the ultimate load at failure observed in the tissues of the knockout mice suggests mechanically weaker tissues, which is a likely common endpoint of the multiple etiologies that eventually manifest as pelvic organ prolapse. We were interested in determining whether the two distinct drops in load in the load-distension curves of the WT animals corresponded to a disruption of a specific level of vaginal support. If this was the case, the level of support corresponding to the first region (S1) was intact in the LOXL1-deficient animals while the support corresponding to the second region (S2) was severely compromised. Even though the ultimate load at failure in WT animals with transected levels I and II was comparable to the ultimate load at failure of the LOXL1 knockout mice and statistically different from the load at failure of the WT mice with intact levels of support, close examination of the load- distension curves of the WT mice with disrupted support showed that this experimental intervention did not consistently reproduce the curves of LOXL1-deficient animals. This finding suggests that the altered biomechanical properties in LOXL1-deficient mice are due to a global structural defect in connective tissues and not to a loss of a specific level of vaginal support per se. The global effect of the mutation on the connective tissue likely accounts for the gross and microscopic changes in the LOXL1-deficient animals when compared to the WT mice.
In spite of our observation that biomechanical behavior of the tissues of the WT and LOXL1-deficient mice was distinct, the maximum linear stiffness, which describes the ability of the specimen to deform in response to a given load, was not different between the groups. The failure of the stiffness to differ is attributable to the similarity of the steepest linear region (maximum slope) of the curves, corresponding to the S1 region, in the WT and mutant animals (Fig. 5) . It was the second region (S2) which differed between the two groups. Specifically, in the WT mice, in this region of the curve, additional vaginal support tissues began to resist downward distension, producing the second region of increasing force with increasing distension. However, in the LOXL-deficient animals this did not occur, manifesting as a plateauing of the curve after the S1 region. As this portion of the curve never achieved linearity, it was impossible to directly compare it to the WT animals using quantitative analysis. Additionally, as the shape of the plateauing region varied from knockout specimen to specimen, we did not attempt to describe the behavior of the curve in this region other then representing it by the quantitative analysis of the point of tissue failure, which demonstrated a significant decrease in the ultimate load at failure for the LOXL1-deficient mice. In spite of their nulliparity, close to 80% of the LOXLdeficient mice in this study developed pelvic organ prolapse, which was grossly remarkably analogous to what is clinically observed in humans. Severe prolapse led to bladder outlet obstruction and hydronephrosis in some animals also resembling prolapse complications that occur in women [24] . Our observations are, however, limited to the small colony of knockout animals we possessed. With the exception of the rapid turnover that takes place in the reproductive tract following parturition [13] , elastin fibers elsewhere in the body turn over exquisitely slowly throughout the lifespan. Therefore, the mechanism by which the LOXL1 mutation leads to deterioration of the vaginal supportive connective tissues is not clear from this study. Yamamoto et al. found a marked decrease in elastin mRNA and tropoelastin protein in the cardinal ligaments of women with pelvic organ prolapse, suggesting a failure in synthesis in these women [12] . Chen et al. demonstrated a significant decrease in the endogenous inhibitors of elastases with increase in elastolytic activity in vaginal tissue from women with stress urinary incontinence and pelvic organ prolapse compared with controls [25] . Further research on elastin homeostasis in relation to pelvic floor disorders is necessary to better delineate the specific role of a failure of elastogenesis in the pathogenesis of pelvic organ prolapse. If elastinopathy is confirmed as an important contributor to the development of pelvic floor dysfunction, strategies to increase synthesis or decrease degradation of the normal elastic fibers in the reproductive tract will help prevent development of this morbid condition in susceptible individuals. Genetic predisposition leading to quantitative or qualitative elastin deficiencies, combined with environmental factors, can potentially explain the development of pelvic floor disorders in susceptible individuals. Indeed, defects in the structural components of connective tissue result from other genetic diseases, such as cutis laxa or Marfan's syndrome [26, 27] . And even though women with these overt connective tissue abnormalities represent a minority of patients with POP, the high prevalence of pelvic floor dysfunction in these individuals, together with findings from animal studies, suggests that an abnormality in elastin homeostasis might contribute to the development of POP in otherwise phenotypically normal women.
In conclusion, we demonstrated that the development of pelvic organ prolapse correlates to the altered biomechanical behavior of the vaginal supportive connective tissue complex in mice deficient in LOXL1, independent of parturition. Analysis of age-matched mutant and WT mice demonstrates the role of elastin in the pathogenesis of pelvic organ prolapse independent of aging. Studies like this have a potential to provide necessary background for the development of therapeutic interventions that will tip the balance of elastin production towards synthesis thus improving the biomechanical properties of the vaginasupportive connective tissue complex. Future studies on elastin homeostasis in relation to pelvic floor disorders with increased sample size are necessary to better delineate elastinopathy in the pathogenesis of pelvic organ prolapse.
